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Abstract The objective of this study was to evaluate the po-
tential of double wall material combinations, using legume
protein (soy protein isolate and pea protein isolate) in combi-
nation with wheat dextrin soluble fiber or trehalose, as alter-
native materials for microencapsulation of flaxseed oil by
spray drying. The obtained preparations, with oil content of
35%, were fine and difficult flowing powders, regardless of
their composition. The 1% addition of silica to the powders
significantly reduced their cohesiveness and improved their
flowability. The efficiency of microencapsulation, calculated
based on oil fat content, ranged from 62 to 98% and was
higher in the powders with trehalose and in the powders con-
taining soy protein. Effective protection against oxidation of
microencapsulated oil was achieved in the protein-trehalose
matrix, especially in the case of the vacuum-packed powders
with pea protein during storage at refrigeration temperature.
Replacing trehalose with soluble fiber enabled formation of
powders less susceptible to caking under conditions of in-
creased humidity, but it resulted in decreased microencapsu-
lation efficiency. The combination of pea protein/
carbohydrate resulted in the formation of microcapsules with
porous structure, especially in the system with soluble fiber.
With time, the structure of the primary emulsions and those
reconstituted from powders containing pea protein changed
from liquid to greasy and paste-like.
Keywords Oilmicroencapsulation .Flaxseedoil .Trehalose .
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Introduction
Flaxseed has drawn the attention of scientists, researchers, and
industry due to its various health benefits. Although flaxseed
oil, unlike fish oil, does not contain EPA (eicosapentaenoic
acid) or DHA (docosahexaenoic acid), it is still gaining popu-
larity due to its high ω-3 fatty acid ALA (α-linolenic acid)
content (Goyal et al. 2014). The role of ω-3 fatty acids in
reducing the risks associated with cardiac and coronary disease,
cancer, and other human health risk factors is well known
(Gogus and Smith 2010). Consumer interest in foods fortified
with ω-3 fatty acids has significantly increased. Modern tech-
niques such as micro- and nanoencapsulation may, however,
pave the way for new approaches to the processing, stabiliza-
tion, and utilization of this oil (Bakry et al. 2016).
Spray drying is still the most commonly used technology
for the encapsulation of oils (Gouin 2004, Gharsallaloui et al.
2007). The selection of the best coating materials is a crucial
step in oil microencapsulation to result in powders with good
quality, low water activity, easy handling and storage and also
to protect oil rich in polyunsaturated fatty acids against oxida-
tion (Bakry et al. 2016). There are some available reports on
the optimization of flaxseed oil microencapsulation by spray
drying using different wall materials (Omar et al. 2009, Tonon
et al. 2012, Thirundas et al. 2014, Tontul and Topuz 2013,
2014, Barroso et al. 2014). Common wall materials for flax-
seed oil microencapsulation were Arabic gum (GA), modified
starches (octenyl succinic anhydride (OSA) starch), proteins
(whey protein concentrate WPC and isolate WPI), and malto-
dextrin (MD). They were generally used in different double as
well as triple wall material combinations, with the products
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being evaluated for encapsulation efficiency, product yield,
oxidation stability, and surface characteristics. The same stud-
ies showed that whey protein is the most promising wall ma-
terials in combination with maltodextrin.
For instance, Tontul and Topuz (2013) optimized propor-
tions of six triple wall material combinations for the highest
microencapsulation efficiency and oxidation stability of flax-
seed oil. They reported that the combination of OSA starch/
GA/WPC in the ratio 4:0:1 provided the highest microencap-
sulation efficiency. However, the only successful combination
in preventing flaxseed oil oxidation was MD/GA/WPC in the
ratio 4:0:1. Moreover, Gallardo et al. (2013) reported that
microcapsules made of 100% GA and ternary mixtures of
GA, MD, and WPI were the most suitable wall material
combination for flaxseed oil. Carneiro et al. (2013) evaluated
the potential of MD combination with GA, (WPC) or two
types of OSA starch at a 25:75 ratio. They reported that the
lowest encapsulation efficiency was obtained for MD/WPC,
while this combination was the wall material that best
protected the active material against lipid oxidation.
Only a few studies have explored the use of vegetable
protein to encapsulate flaxseed oil. The use of vegetable pro-
teins as a wall material for the microencapsulation of various
sensitive materials reflects the current Bgreen^ tendency in the
food, pharmaceutical, and cosmetics industries (Nesterenko
et al. 2013). Bajaj et al. (2015) used three commercially avail-
able pea protein isolates (PPIs) alone as a wall material for the
encapsulation of flaxseed oil and reported that microcapsules
prepared with a 1:5 core-to-wall-material ratio had higher en-
capsulation efficiency than those produced with 1:3.3 and
1:2.5 ratios. The combination of proteins with carbohydrates
as a carrier material favors better protection, oxidative stabil-
ity, and drying properties (Augustin et al., 2006). It has been
observed that flaxseed oil could be entrapped efficiently with
MD combined with chickpea protein isolate or lentil protein
isolate by spray drying and freeze drying, providing a protec-
tive effect against oxidation over a storage period of 25 days at
room temperature and delivering more than 80% of the encap-
sulated oil to the gastrointestinal tract (Karaca et al. 2013).
The objective of this study was to evaluate the poten-
tial of double wall material combinations, using legume
protein (soy protein isolate and pea protein isolate) in
combination with a functional carbohydrate (wheat dex-
trin soluble fiber or trehalose), as alternative materials for
the microencapsulation of flaxseed oil by spray drying.
Microcapsules were characterized for morphology, size
and density of particles, bulk density, content of intersti-
tial air and flowability, free oil content and microencap-
sulation efficiency, wettability and dispersibility in water,
as well as hygroscopicity and susceptibility to caking. In
addition, the microencapsulated oil in powders kept un-
der different storage conditions within 12 weeks was
analyzed for its oxidative stability.
Materials and Methods
Materials
Flaxseed oil (fatty acid composition 7.5% SAFA (4.35%
C16:0, 2.9% C18:0); 16.9% MUFA (16.6% C18:1 n-9);
76.8% PUFA (15.9% C18:2 (n-6 LA), 60% C18:3 (n-3
ALA)) was purchased from a company (Oleofarm, Poland)
which regularly produces flaxseed oil by the cold pressing
method. Pea protein isolate (NUTRALYS S85F) and wheat
dextrin soluble fiber (NUTRIOSE FB06) were kindly donated
by Roquette Poland Sp. z o.o. Soy protein isolate (SUPRO
670 IP) was obtained from Solae, USA. Trehalose
(Hayashibara, Japan) was obtained from Hortimex, Poland.
Silica Aerosil 2000 was acquired from Evonik, Germany.
All chemicals used for analysis were of reagent grade.
Emulsion Preparation, Spray Drying, and Storage
of Powders
Preparation of Emulsions
Primary oil-in-water emulsions, each in two batches, were
prepared in the amount that allowed us to obtain about
500 g of powders ST, SF, PT, and PF with the raw material
composition provided in Table 1. The wall materials (S, P, T,
or F) were completely dissolved in distilled water at room
temperature using a paddle agitator for 30 min and moved to
cold storage (5 °C) for 24 h for components hydration. The
flaxseed oil (54/100 g of dry weights of the wall materials)
was added to the water phase and the mixture was emulsified
by Ultra-Turrax (IKA T18 Basic, Wilmington, USA) at
13,000 rpm for 2 min. Emulsions were prepared by a final
two-step homogenization at 60/20 MPa through two passes
in a high-pressure homogenizer (Panda 2K; Niro Soavi, Italy).
Spray Drying
The spray drying of the oil-in-water emulsions was performed
with a laboratory scale spray dryer (0.5–6 kg/h water evapo-
rative capacity, Mobile Minor, Niro A/S, Denmark) equipped
with a rotating disk for atomization. An inlet air temperature
of 150 ± 3 °C and an outlet air temperature of 60 ± 2 °C were
selected and disk rotation was at approximately 20,000 rpm.
During drying, the outlet air temperature was controlled by the
emulsion feed rate, which was 24–30 cm3/min.
The obtained powders contained 35% flaxseed oil, 55%
carbohydrate (trehalose T or soluble fiber F), and 10% of
legume protein (soy protein isolate S or pea protein isolate
P), in accordance with the proportion of raw materials in dried
emulsions, as presented in Table 1.
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Storage
The oil powders were stored for 3 months in foil packages
tightly closed using a vacuum welding/packaging machine
PP-5.4 (Tepro, Poland). Bags made of PA/PE (polyamide/poly-
ethylene) foil (95 μm) weighing 20 g served as unitary pack-
ages of samples. Bags made of four-layer foil (lacquer, paper,
aluminum, and PE-LD low-density polyethylene), constituting
a barrier to light, water vapor, and air, served as a collective
package for four samples. Powder samples were stored in four
variants of storage conditions: packaging in the non-modified
atmosphere and vacuum packaging as well as room tempera-
ture of 25 °C and refrigeration temperature of 6 °C.
Analysis of Powders
Moisture Content, Water Activity
Themoisture content of the powder was determined gravimet-
rically by drying it in a vacuum oven at 70 °C for 24 h
(Domian et al. 2015b). Water activity aw (at a temperature of
25 ± 1 °C) was measured using a Rotronic DT1 instrument
(Rotronic AG, Switzerland).
Particle Structure
The microstructure of the particles was investigated using a
Hitachi TM3000 Tabletop scanning electron microscope
(Hitachi High-Technologies Corp., Japan). Powder particles
were attached to a sample stub with double-sided sticky tape
and sputter coatedwith gold using a Cressington sputter coater
108 auto. Observations using SEM were made at an acceler-
ating voltage of 5 or 15 kV at ×1000 magnifications.
Representative micrographs were selected for presentation.
Particle Size Distribution
A laser light diffraction instrument, Cilas 1190 (Cilas, France),
was used for determination of particle size of the powders and
oil droplet size of emulsions reconstituted from powder.
Particle size analysis of the powders was performed after dis-
persing in isopropanol. Distilled water was used as a disper-
sant for emulsions after the powders had been dissolved in
water. Results are reported as the 10th, 50th (median), and
90th percentile of the volume distribution of particle size.
Density of Particles and Occluded Air Content
Apparent particle density (ρ) was determined by measuring
the pressure change of helium in a calibrated volume with a
gas pycnometer, Stereopycnometer (Quantachrome
Instruments, USA). True particle density (ρs), defined as the
theoretical density of powder solids, was calculated based on
the densities and the amounts of the major components (water,
carbohydrate, protein, and fat) (Soerensen et al. 1978).
Occluded air (cm3/100 g), defined as the difference between
the volume of a given mass of particles and the volume of the
same mass of air-free solids, was calculated from the apparent
(ρ) and true (ρs) densities, as follows: Voa = 100/ρ − 100/ρs
(Soerensen et al. 1978).
Bulk Density, Interstitial Air in Powder Bed,
and Flowability
Loose bulk density (ρL) (bulk density of loosely poured ma-
terial) and tapped bulk density (ρt100, ρt500, and ρt1250) (bulk
density of material packed with 100, 500, and 1250 standard
taps) were determined using the jolting volumeter STAV 2003
(Engelsmann AG, Germany) with a measuring cylinder of
250 cm3. The ρL and ρt values were also determined with
the addition of a preparation improving flowability, i.e.,
Aerosil 200 silica (Evonik Degussa, Germany), in the amount
not exceeding 1% of powder.
Interstitial air (cm3/100 g), defined as the difference be-
tween the volume of a given mass of particles and the volume
of the same mass of loose or 100× tapped powder, was calcu-
lated from the apparent particle density (ρ) and bulk densities
(ρL, ρt100), respectively, as follows: Via L = 100/ρL − 100/ρ and
Via 100 = 100/ρt100 − 100/ρ (Soerensen et al., 1978).
Flowability of powders was evaluated based on the
Hausner ratio HR, which was calculated from the loose and
tapped bulk densities, as follows: HR100 = ρt100/ρL,
HR500 = ρt500/ρL and HR1250 = ρt1250/ρL (Domian et al.
2014, 2015b).
Free Oil and Microencapsulation Efficiency
Free oil content FO (g oil /100 g dry mass (d.m.) of powder)
estimated for non-encapsulated fat in the microcapsules was
determined using 24-h extraction with petroleum ether from a
3-g sample of powder (Kim et al. 2002) and gravimetric de-
termination of the extracted fat.
Table 1 Raw material composition of spray-dried microencapsulated
oil powders
Raw material Microencapsulated oil powder
ST SF PT PF
Flaxseed oil 35% 35% 35% 35%
Soy protein isolate (S) 10% 10% – –
Pea protein isolate (P) – – 10% 10%
Trehalose (T) 55% – 55% –
Wheat dextrin soluble fiber (F) – 55% – 55%
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Knowing the total content (TO) of fat in the powder
resulting from the recipe and the content of free oil (FO), the
microencapsulation effectiveness (ME) was computed using
the following formula: ME (%) = ((TO − FO)/TO)100.
Reconstitution Property: Wettability and Dispersibility
The wettability (W20°C and W40°C) of a powder was deter-
mined as the time necessary to achieve complete wetting of
a specified amount of powder (15.4 g), which corresponded to
10 g of non-fat dry matter, when it is dropped into 100 cm3 of
water at a given temperature, i.e., 20 or 40 °C (Soerensen et al.
1978). The dispersibility (D20°C and D40°C) of a powder was
determined as the time required to achieve complete dispersal,
when it is manually stirred with a teaspoon until the powder is
dispersed, leaving no lumps on the bottom of the glass.
Hygroscopicity and Susceptibility to Caking
The sorption capacity and the level of powder caking were
determined based on the kinetics of water vapor adsorption at
a temperature of 25 °C (Domian et al. 2014). Samples of
powders with various initial water contents (1.5–2.3%) were
re-dried and exposed to the effect of relative air humidity, i.e.,
RH 44, 65, and 75%, keeping them above saturated salt solu-
tions for up to 48 h.
Oxidative Stability of Microencapsulated Oil
Oxidative stability of the microencapsulated flaxseed oil after
0, 4, 8, and 12 weeks of powder storage was evaluated based
on the peroxide value (LOO) compared to control samples of
bulk oil that were stored without exposure to light in a closed
vessel. LOO is expressed as milliequivalent of oxygen/
kilogram of fat matter (meqO2/kg) and was obtained with
the classic and simple iodometric method based on BS EN
ISO 3960:2010, with chloroform and glacial acid as solvents.
Extraction of the lipid phase from the powder reconstituted
in water was performed using an n-hexane/propan-2-ol mix-
ture (3:1) according to the methodology of Kim et al. (2009)
and Cesa et al. (2012). Six grams of powder was weighed and
reconstituted with 50 cm3 of demineralized water at 40 °C,
70 cm3 of n-hexane/propan-2-ol was added to the powder, and
the mixture was subjected to magnetic stirring for 15 min,
centrifuged, and decanted. The upper phase was collected
and the inner phase was added with 30 cm3 of n-hex-
ane/propan-2-ol, twice. The collected organic phase was
evaporated at room temperature under a reduced pres-
sure and in the darkness. The obtained residue was
weighed and titrated.
Statistical Analysis
Spray-drying experiments were conducted in duplicate. Each
batch of powder was analyzed in at least two repetitions. The
statistical analysis of results was conducted with Statistica
10.0 (StatSoft, Poland) using options of multivariate analysis
of variance (ANOVA) considering the factors: type of protein
component (levels: pea protein isolates and soy protein iso-
lates) and type of carbohydrate component (levels: soluble
fiber and trehalose), and additionally the packaging method
(levels: non-modified atmosphere, vacuum packaging), stor-
age temperature (levels: room, refrigerating), and storage pe-
riod (0, 4, 8, and 12 weeks). Differences between mean values
were evaluated with the Tukey test at a significance level of
α = 0.05, with homogeneous groups of mean values denoted
by letter classification.
Results and Discussion
Structure, Size, and Density of Particles
of Microencapsulated Oil Powders
Figure 1 presents micrographs of microencapsulated oil pow-
ders. The obtained particles were characterized by various
shapes and sizes. In the case of ST and PT powders, with
trehalose contained in the matrix, the particles had a regular,
spherical shape. The SF and PF microcapsules containing sol-
uble fiber were characterized by an irregular shape with mul-
tiple indents and craters. The surface of ST and SF microcap-
sules containing soy protein isolate was smooth, whereas that
of PT and PF particles containing pea protein isolate had nu-
merous pores and cracks of various sizes.
Considering the regular shape of particles with trehalose, it
may be hypothesized that the drying of emulsions with low-
molecular-weight sugar results in the hardening of the surface
and formation of spherical particles. They are able to inflate or
expand and solidify with fewer indents on the surface. Similar
spherical microcapsules of oil were produced in the following
systems: OSA starch and trehalose or glucose syrup (Drusch
et al. 2006; Serfert et al. 2009, Domian et al., 2015a, b), sodi-
um caseinate or whey protein isolate with trehalose (Domian
et al. 2014), combinations of gelatin, xanthan, sucrose and
trehalose (Huang et al. 2014), and combinations of gum
Arabic, maltodextrin DE 10, and whey protein isolate
(Gallardo et al. 2013). The structure of microcapsules present-
ing a rounded external surface with characteristic concavities
may point to high viscoelasticity of the matrix, which was
collapsing during drying. Microcapsules with characteristic
dents were obtained upon microencapsulation of flaxseed oil
with gum Arabic alone (Tonon et al. 2011), combinations of
gum Arabic, maltodextrin DE18, lecithin and xanthan gum
(Omar et al. 2009), gum Arabic, whey protein concentrate,
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or modified starch alone (Tonon et al. 2012), maltodextrin
mixed with gum Arabic, whey protein concentrate or modi-
fied OSA starch (Carneiro et al. 2013, Gallardo et al. 2013),
and commercially available pea protein isolates alone (Bajaj
et al. 2015).
The above shows that the hydrocolloid (protein, gum, or
starch) content, as of other solutes and lipophilic compound,
considerably affects the surface structure. The total feed con-
centration as well as each component may have influenced the
rheology of the drying matrix and, hence, the final particle
structure. Smooth surfaces are found in powders made from
protein isolates that are mostly soluble and can form a thin,
continuous elastic film as the water evaporates. After a flexi-
ble skin is completely formed, whose composition represents
the faster depositing solute (protein), a crust then forms un-
derneath the skin (Xu et al. 2012). However, hollow spray-
dried particles with large internal voids can be observed both
in rough and dent-free powders.
The mean diameter of particles (median D50) ranged from
18 to 40 μm (Table 2). The other equivalent diameters D10
and D90 ranged from 10 to 18 μm and from 39 to 81 μm,
respectively (Table 2). The ANOVA analysis demonstrated
that the particle size of powders containing soy protein was
significantly larger, especially in those with trehalose. A sim-
ilar size of particles in the range of 10 or so micrometers was
determined in oil microcapsules in many studies when labo-
ratory spray dryers were used (Serfert et al. 2009; Carneiro
et al. 2013).
Tendencies for increasing powder particle size upon a
change of protein pea isolate to soy protein isolate were
reflected in the content of the occluded air. The apparent den-
sity (ρ) of particles ranged from 1.15 to 1.25 g/cm3 (Table 2).
Occluded air content ranged from 0.4 to 8.6 cm3/100 g pow-
der (Table 2), and its highest values were determined in the
powders containing soy protein and trehalose. The powders
containing pea protein did not show any significant differ-
ences between the apparent density of particles and density
of the material constituting the particle (including water). It
may indicate that either the number of pores entrapped inside
particles was insignificant or the powder matrix was porous
enough to allow helium with the pressure of 17 psi (a measur-
ing medium of a gas pycnometer) to penetrate inside the
particles.
Loose bulk density of powders and bulk density of 100×
tapped powders reached ρL 0.385–0.422 g/cm
3 and ρt100
0.516–0.584 g/cm3, respectively (Table 3). Irrespective of ma-
terial composition, the powders were characterized by a high
content of interstitial air which attained the values of Via
L = 156–171 cm
3/100 g for the loosely poured bed and Via
100 = 91–110 cm
3/100 g for the 100× tapped bed
(measurement conditions adopted as standard packing of
milk powders, Soerensen et al. 1978) (Table 3). Naturally,
such a high content of interstitial air may affect the oxidative
stability of oil powders. The ANOVA analysis demonstrated
that the powders with pea protein addition were characterized
by a significantly higher bulk density and a significantly lower
content of interstitial air in the bed compared to the powders
containing soy protein. The carbohydrate component applied
had no significant effect on the obtained values.
A similar range of bulk density of microencapsulated flax-
seed oil was obtained by Tonon et al. (2011) and Aghbashlo
et al. (2013). They demonstrated that the loose bulk density of
powders could be affected by the inlet temperature of spray
drying and by the concentration of emulsion.
According to de Jong et al. (1999), powders with HR 1–
1.25, 1.25–1.4, and >1.4 are, respectively, free flowing, easily
flowing, and difficult flowing, whereas according to






(raw powder composition in
Table 1): ST powder with soy
protein and trehalose, SF powder
with soy protein and soluble fiber,
PT powder with pea protein and
trehalose, PF powder with pea
protein and soluble fiber
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1.19–1.25, 1.26–1.34, 1.35–1.45, 1.46–1.59, and >1.60 have,
respectively, excellent, good, fair, passable, poor, very poor,
and extremely poor flowability. Assuming the classification
according to the Hausner index, it may be concluded that the
flowability of the analyzed powders was poor, regardless of
their composition, and was deteriorating along with the degree
of bed packing (Table 3). Already in the state of medium
packing, the spray-dried powders may be classified as poorly
flowing. In the tapped state, however, the same powders may
be classified as very difficult flowing as values of theirHR500
and HR1250 exceeded the boundary value of 1.6. Because
modification of the composition of powders had no significant
effect on the HR, it may be concluded that the factor which
determined their high cohesiveness and poor flowability was
the small particle size (less than 100 μm). The 1% addition of
Aerosil silica to powders considerably decreased their cohe-
siveness (Fig. 2) and improved their flowability (Table 3). The
powders with silica were characterized by very good or good
flowability, because HR100, HR500, and HR1250 values
ranged from 1.08 to 1.30.
The effect of reducing flowability of material along with an
increasing degree of bed packing in fine powders obtained in
this study was consistent with findings of other authors
(Domian and Cenkier 2013, Domian et al. 2014, Samborska
et al. 2015, Szulc and Lenart 2016). Drusch et al. (2006)
applied various flowability-improving preparations in pow-
ders of fish oil and determined their optimal addition at the
level of 1%. They achieved the best results upon the use of a
colloidal Aerosil silica.
Free Oil Content, Microencapsulation Efficiency,
and Oxidative Stability of Microencapsulated Oil
The content of total free oil (FO) ranged from 0.5 to 13.4 g/
100 g powder (Table 4). The efficiency of microencapsulation
(ME) calculated based on FO ranged from 98 to 94% in the
microcapsules with the protein-trehalose matrix and from 81
to 62% in the microcapsules with the protein-soluble fiber
matrix (Table 4). The ANOVA analyses showed a lower con-
tent of free oil and higher ME in the powders with trehalose
and in the powders containing soy protein.
Similar observations were made by Huang et al. (2014),
who demonstrated that trehalose addition to the walls of mi-
crocapsules caused an increase in ME compared to analogous
samples with only saccharose as a carbohydrate component.
Carneiro et al. (2013) obtained ME in the range of 62.3 to
95.7% when flaxseed oil was encapsulated using a combina-
tion of maltodextrin with modified starches, whey protein
Table 3 Loose bulk density (ρL), powder bulk density (ρt100) tapped 100×, interstitial air content of loose powder (Via L) and powder tapped 100× (Via
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0.005 ÷ 0.018 0.00 6÷ 0.032 1 ÷ 2 1÷2 0.01 ÷ 0.04 0.01 ÷ 0.03 0.01 ÷ 0.02
a Powder composition in Table 1
b In the second row of each cell there are values for the powder containing 1% of silica Aerosil 200
c,d,e,f homologous groups for the factor: type of protein and type of carbohydrate (in columns, α ≤ 0.05)
Table 2 Particle size distribution
(D10, D50, D90), apparent
particle density (ρ), and occluded
air content (Voa) of
microencapsulated oil powder
Powdera D10 (μm) D50 (μm) D90 (μm) Span (−) ρ (g/cm3) Voa (cm3/100 g)
ST 15.7c 39.6d 81.2d 1.65b 1.153b 8.6d
SF 18.5e 35.9c 73,2c 1.52d 1.198c 3.5c
PT 10.0b 18.3b 38.7b 1.57c 1.245d 2.2c
PF 16.8d 33.3c 65.8c 1.47d 1.244d 0.4b
Standard deviation 0.0 ÷ 1.7 0.1 ÷ 3.4 0.3 ÷ 6.2 0.001 ÷ 0.004 1 ÷ 2
a Powder composition in Table 1
b,c,d,e Homologous groups for the factor: type of protein and type of carbohydrate (in columns, α ≤ 0.05)
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concentrate, or gum Arabic. Gharsallaoui et al. (2007) report-
ed that ME of microcapsules was influenced by the ratio be-
tween the core and wall material. Bajaj et al. (2015) obtained
ME in the range of 90.46 to 71.9% for three commercially
available pea protein isolates when the core-to-wall material
ratio was at 1:5, and ME decreased to 67.9–44.6% when the
core-to-wall-material ratio increased to 1:2.5. Goula and
Adamopoulos (2012), as well as Huynh et al. (2008), demon-
strated that the enhanced ME was due to emulsion droplet
size, i.e., the lower the droplet size was, the higher was the
ME. TheME values in this study cannot be compared with the
results from other studies since none of them has investigated
the use of a mixture of trehalose or soluble fiber and a legume
protein at 35% of flaxseed oil active core material.
Radicals are formed in the early stage of lipid oxidation,
and can in dry systems be stabilized by low molecular mobil-
ity. The level of free radicals is a good indicator of early stages
of oxidation in dried products such as milk powders, and
consequently has been suggested to be applied as a method
for predicting the oxidative stability of lipids in such products.
In the present study, stability of microencapsulated oils after
powder storage was evaluated based on the peroxide value
(LOO). According to the physiochemical requirements
adopted by the producer, the LOO of flaxseed oil stored for
up to 3 months under refrigerating conditions (4–10 °C) in a
closed bottle, away from sources of light, should not exceed
5 meqO2/kg in this period. The LOO0 of bulk oil used for
microencapsulation reached 0.87 meqO2/kg, and during 12-
week storage at both refrigerating and room temperature in-
creased to 2.8 meqO2/kg, regardless of the degree of filling of
the vessel with oil (Table 5). Hence, the quality of bulk oil was
preserved even during storage at room temperature.
The LOO of microencapsulated oil measured immediately
after drying ranged from 1.80 to 7.90 meqO2/kg. The differ-
ences in LOO were linked with powder composition, but they
were also observed among batches of powders with the same
composition. So large differences in LOO after drying might
be associated with high instability of the flaxseed oil and with
other variables that were not controlled, despite maintaining
identical conditions of homogenization during the production
of emulsions and of drying conditions. An increase in the
LOO after the microencapsulation was also observed by
other scientists, who explained it as being due to a high
temperature of spray drying. For instance, Kolanowski et al.
(2006) reported an increase in the peroxide value of fish oil
from 1.05 to 2.10 or 4.06 meqO2/kg after spray drying de-
pending on oil loading. Ahn et al. (2008) obtained significant-
ly higher LOO (15.2 meqO2/kg) soon after drying of sunflow-
er oil in a matrix of milk protein isolate and soy lecithin, with
LOO of 8.7 meqO2/kg obtained in optimal conditions. These
authors focused attention on optimizing ME because, as they
had demonstrated, oil is subject to significantly more rapid
oxidation on the surface of microcapsules compared to the
oil entrapped in the capsules. Tonon et al. (2011) observed
that a lower content of solid substances and a higher load of
flaxseed oil in the emulsion resulted in a higher content of
peroxides immediately after drying, which was linked with a
high free oil content and inlet air temperature above 170 °C.
Similar observations regarding the optimal inlet temperature
were made by Aghbashlo et al. (2013).
In this study, in the case of each stored powder, the LOO of
microencapsulated flaxseed oil differed from that of bulk oil.
Changes in the LOO of microencapsulated oil depended on
powder composition, packaging method, and storage temper-
ature, which was noticeable in graphs of expected mean
values of the LOO shown in Fig. 3. After 12 weeks of storage,
the LOO of microencapsulated oil ranged from ca. 4 to
27 meqO2/kg, but still LOO values not exceeding
5 meqO2/kg were determined only in PT powders stored un-
der refrigerating conditions in vacuum packages.
Table 4 Free oil content (FO),
oil microencapsulation efficiency
(ME), wettability (W), and
dispersibility (D), and particle
size (d50) of the emulsions
reconstituted from powders











ST 0.55b 98.4d 10b 4b 6b 1b 6.63b
SF 5.99c 81.3c >300c >300c 167c,d 118d 19.55d
PT 1.97b 94.4d 61c 26c 135c 59c 14.61c
PF 13.39c 61.8b >300d >300d 258d 166e 19.28d
Standard
deviation
0.04 ÷ 0.98 0.1 ÷ 1.1 1 ÷ 5 0 ÷ 3 1 ÷ 7 0 ÷ 8 0.01–0.50
a Powder composition in Table 1
b,c,d,e homologous groups for the factor: type of protein and type of carbohydrate (in columns, α ≤ 0.05)
ST ST 
+ silica
Fig. 2 Images of microencapsulated oil ST powder with and without
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Fig. 3 Graph of expected mean peroxide values (LOO) of oil microen-
capsulated in powders during storage; effects of factors: protein compo-
nent (soy protein, pea protein), carbohydrate component (trehalose T,
soluble fiber F), storage time (0, 4, 8, and 12 weeks), and packaging
method (non-modified atmosphere—air, vacuum packaging—vac) dur-
ing storage at a room temperature of 24 °C, b refrigeration temperature
6 °C. Vertical bars denote 0.95 confidence interval
Table 5 Peroxide value of the bulk oil before storage (LOO0) and after storage within 4, 8, 12 weeks (respectively LOO4, LOO8, LOO12)
LOO0 (meqO2/kg) Storage conditions LOO4 (meqO2/kg) LOO8 (meqO2/kg) LOO12 (meqO2/kg)
0.87 ± 0.14 6 °C without access of aira 1.11 ± 0.02 2.13 ± 0.20 2.23 ± 0.09
6 °C at limited access of airb 0.97 ± 0.22 2.82 ± 0.01 0.92 ± 0.04
25 °C without access of aira 1.05 ± 0.06 2.11 ± 0.04 1.04 ± 0.22
25 °C at limited access of airb 1.82 ± 0.01 2.76 ± 0.38 2.23 ± 0.08
a In a closed vessel full filled of oil
b In a closed vessel in one half with oil
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The four-way ANOVA of the powders stored at room tem-
perature demonstrated that an increase in the mean LOO value
occurred along with (in descending order of the extent of the
effect of the mentioned factor) increase of storage time;
change of the carbohydrate component—trehalose to soluble
fiber; change of the protein component—pea protein isolate
(PPI) to soy protein isolate (SPI); and change of the vacuum
package to a package with air (Fig. 4a). The evaluation of
effects of the main factors in the ANOVA conducted for pow-
ders stored at refrigeration temperature demonstrated the ex-
pected increase of LOO most of all as a result of the PPI
change to SPI as well as the trehalose change to soluble fiber,
followed by increase of storage time. In contrast, the packag-
ing method had no significant effect on the LOO value
(Fig. 4b). Results of the ANOVA conducted for factorial sys-
tems with repeated measurements confirmed that storage tem-
perature and types of protein and carbohydrate components
used in the matrix were the factors which had the greatest
effect on the inhibition of flaxseed oil oxidation. The most
effective protection against oxidation of microencapsulated
oil was achieved in the protein-trehalose matrix, especially
in the system with PPI, during storage of powders in a barrier
vacuum package at refrigeration temperature.
The above results confirm that penetration of oxygen into
and through a glassy foodmatrix is a slow process, which may
become rate limiting, in effect protecting flavor and nutrients
against oxidation (Hedegaard and Skibsted 2013). Goyal et al.
(2015) produced microcapsules with a high content of flax-
seed oil (over 35% w/w, on a dry basis) using milk protein/
lactose (1:1). They concluded that the developed flaxseed oil
powder was stable throughout the storage of 6 months, and its
peroxide value remained below the maximum permissible
limit (≤5 meq per kg oil) stipulated in Codex Alimentarius
Commission. Small molecules such as oxygen have been
shown to penetrate through glassy food matrices with a
temperature-dependent rate, which at low temperature be-
comes limiting for the rate of oxidation of encapsulated oil,
resulting in a significant temperature dependence due to the
requirement of thermal activation for penetration (Andersen
et al. 2000; Orlien et al. 2000). Radicals from oxidizing lipids
may transfer to proteins and amino acids, leading to protein
degradation, as radicals also may transfer from proteins to
lipids under other conditions and initiate lipid oxidation
(Østdal et al. 2002). Hence, the radical interactions in micro-
capsule systems are important in determining their stability
and consequently for prediction of the shelf-life of this type
of dry preparations. In this study, we focused only on the
determination of the peroxide value LOO, which indicates
the content of peroxides characterized by the primary degree
of lipid oxidation. Of course, the evaluation of oxidative
changes in fat should take into account many other determi-
nations in order to provide a full picture of changes occurring
in fat both at the stage of drying and later storage.
Reconstitution Property and Stability of Emulsions
Reconstituted from Powders
Rehydration of food powder generally undergoes the follow-
ing phases corresponding to relevant reconstitution properties:
wetting of particles, sinking, dispersing, and particles dissolv-
ing into solution (Fang et al. 2007). Powders are characterized
by instant properties if the total time of their reconstitution
ranges from a few to a few dozen seconds (Hogekamp and
Schubert 2003; Westergaard 2004).
In the present study, the time of powders wetting (without
stirring) and dispersing (gentile stirring) in water at tempera-
tures of 20 and 40 °C was significantly affected by their com-
position (Table 4). Higher wettability and dispersibility were
found in the preparations containing trehalose, especially in
combination with soy protein isolate. Upon contact with wa-
ter, the ST and PT particles reached complete wetting, and
started to disperse and dissolve within 60 s, while the SF
and PF particles swelled within >300 s in water. Better
reconstitutability of the powders with trehalose confirmed that
the systems with amorphous low-molecular-weight sugar are
characterized by increased solubility and dissolution rate
(Palzer 2010), which may lead to greater availability of the
microencapsulated active substance and, appropriately, to its
improved bioavailability.
The analysis of particle size distribution in reconstituted
emulsions revealed bimodal distributions (Fig. 5).
Populations of smaller particles probably were forming oil
globules, whereas populations of larger particles could form
aggregates of destabilized or non-dissolved particles
suspended in water. Values of d50 of particle size in emulsions
reconstituted a few hours after their preparation ranged from 6
to 20 μm (Table 4).
Instability of emulsions often results from two diverse
physical processes: increased particle size upon coales-
cence or flocculation, and migration of particles leading
to creaming (Domian et al., 2015a, b). In the present
study, even after a few days of storage, no effects were
observed resulting from destabilization of emulsions
reconstituted from ST and SF powders. In turn, in PF
and PT emulsions, flocculation could be observed as ear-
ly as on the second day, which consisted in the concen-
tration of the resultant aggregates accompanied by the
formation of clear zones of the serum being formed, as
well as a change in the consistency from liquid to greasy
and paste-like. However, a clear separation of the oil
phase was not observed in any of the systems. These
observations are consistent with other studies which
showed that pea protein isolate formed a paste instead
of a rigid gel (Adebiyi and Aluko 2011). O’Kane et al.
(2004) stated that pea protein forms more unstructured
gels than soy protein and thus their gelling properties
are not as good as those of soy.
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Hygroscopicity and Susceptibility to Caking
It has been proven that storing food powders at a low initial
water activity (aw) of ~0.2 is helpful in avoiding stickiness and
caking during storage. Also, it is clear that if there is a slight
increase in moisture content, the aw of powders will be in-
creased and these products are likely to be stickier (Bhandari
and Hartel 2005). Depending on storage conditions, deterio-
ration of spray-dried powders is initiated by changes in the
physical state of the powder such as collapse of glassy states
followed by crystallization. Water adsorption is the major fac-
tor responsible for crystallization of glassy sugars, as well any
significant depression in Tg of any food material (Sillick and
Gregson 2010). Crystallization will usually not take place be-
low Tgwithin the time frame relevant for handling and storage
of food powders, and storage for shorter time periods above
Tg is normally also acceptable (Thomsen et al. 2005).
Figure 6 presents water adsorption kinetic curves depicting
changes of water content in the powders. Crystallization of
amorphous trehalose in PT and ST powders containing this
saccharide, clearly indicated by a significant decrease in water
content, occurred at relative humidity (RH) of 65% after 7–
11 h and at RH of 75% after 5–6 h of storage, depending on
the sample type. The sufficient level of adsorbed water that
determined the phase transition of trehalose and release of
adsorbed water by the crystalline forms being formed ranged
from 0.21 to 0.23 g/g d.m. in the case of ST powders and from
0.18 to 0.2 g/g d.m. in the case of PT powders. In the case of
powders containing soluble fiber (PF and SF), water adsorp-
tion proceeded without any noticeable phase transitions and
was characterized by a successive increase of water content in
time. The final water content in the powders, after 48 h of


































































































Fig. 4 Effect of main factors: protein component (soy protein, pea
protein), carbohydrate component (trehalose T, fiber F), packaging
method (non-modified atmosphere—air, vacuum packaging—vac), and
storage time (0, 4, 8, and 12 weeks) on mean peroxide values (LOO)
during storage at a room temperature of 24 °C, b refrigeration tempera-



















Fig. 5 Particle size distribution of the emulsions reconstituted from
powders: STe with soy protein and trehalose, SFe with soy protein and
soluble fiber, PTe with pea protein and trehalose, PFe with pea protein
and soluble fiber
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samples’ equilibration stabilized at the level of 1.1–1.2 g/g
d.m., 1.5–1.7 g/g d.m., and 1.6–2.3 g/g d.m. at the RH of
44, 65, and 75%, respectively.
The effect of crystallization of amorphous trehalose at RH
higher than 40% obtained in this study was consistent with the
findings of other authors (Drusch et al. 2006, Schebor et al.
2010, and Domian et al. 2014, 2015b). For instance, Cerdeira
et al. (2005) and Vega et al. (2007) observed trehalose crys-
tallization in oil microcapsules at RH >50%.
After adsorption at RH 44%, no significant changes were
observed in the appearance of any of the powders—there was
no additional caking of the sample, and lumps present in the
vessel disintegrated after shaking. At RH 65 and 75%, the
powders with trehalose were subject to permanent caking to
the form of aggregates and partially dissolved particles, and
the color of powders changed noticeably towards yellow. In
the case of the powders containing soluble fiber, significant
changes in their appearance were observed only at RH 75%.
Particles of these powders formed aggregates that were, how-
ever, not stable, and the powder was separating during shaking.
Conclusions
The results obtained in the study indicate that legume protein,
soy protein isolate, and pea protein isolate, in combination
with wheat dextrin soluble fiber or trehalose, generally meet
the requirements expected from carrier materials during mi-
croencapsulation of lipid substances. The obtained prepara-
tions, with oil content of 35%, were fine and difficult flowing
powders, regardless of their composition. The 1% addition of
silica to the powders significantly reduced their cohesiveness
and improved their flowability. Effective protection against
oxidation of microencapsulated flaxseed oil was achieved on-
ly in the pea protein-trehalose matrix in the case of the
vacuum-packed powders during storage at refrigeration tem-
perature. The lower film-forming properties of pea proteins
compared to soy proteins, despite comparable emulsifying
properties, resulted in the formation of microcapsules with a
porous structure and a significantly higher content of free oil,
especially in the system with soluble fiber. The efficiency of
microencapsulation, calculated based on oil fat content,
ranged from 62 to 98% and was higher in the powders with
trehalose and in the powders containing soy protein.
Replacing trehalose with soluble fiber enabled formation of
powders less susceptible to caking under conditions of in-
creased humidity, but it resulted in decreased microencapsu-
lation efficiency. It was demonstrated that the glassy matrix of
trehalose coupled with legume protein offers the possibility of
developing a powdered preparation with a low content of free
oil and good reconstitutability in water. Even after a few days
of storage, no effects were observed resulting from destabili-
zation of emulsions reconstituted from powders with soy pro-
tein. In turn, with time, the structure of the emulsions
reconstituted from powders containing pea protein changed
from liquid to greasy and paste-like.
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Fig. 6 Curves of kinetics of
water vapor adsorption as a
function of water content at
environment RH 44, 65, and 75%
in microencapsulated oil powders
ST, SF, PT, and PF
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